Abstract: Carbon paper is one of the most important component in polymer electrolyte PEM fuel cells. In this research, we report two methods of manufacturing carbon papers that do not need the steps of carbonization and graphitization are common steps in carbon paper. At first method (mixing method), the short carbon fibers have a random distribution in the composite and in the second method (fabric method), the long carbon fibers are oriented in planar configuration .In order to investigate on the properties, the effect of paper thickness and expanded graphite value have been considered and compared with Toray carbon paper. The characterization is performed by scanning electron microscope, maximum pore size, mean pore size, permeability, electrical conductivity, flexibility, and performance (I-V) curve. The results show that mixing method resulting in a higher electrical conductivity, pore size, and permeability, as well as I-V curve similar to Toray paper. In addition, the cost estimates and flexibility test show that both fabric and mixing methods results in a much lower cost, due to removing the graphitization and carbonization steps, and more flexible samples in comparison to Toray paper.
Introduction
Proton Exchange Membrane Fuel Cells (PEMFCs) are electrochemical devices as alternative power sources for automotive, stationary and portable applications due to their higher power densities and environmental benefits. Recently, much research has focused on PEMFC. However, many technological difficulties must be overcome before its commercialization [1, 2] . Gas diffusion layer is one of the critical components of a fuel cell. The essential functions of gas diffusion layers in a fuel cell include of distribution of reactants gas to anode and cathode sides, water management and increasing of electrical contact between the electrode and the bipolar plates. The ideal GDLs should have suitable properties such as suitable permeability, good water transport characteristics for water removal in order to avoiding flooding on the catalyst particles, good electronic conductivity for electron transfer between catalyst layer and the bipolar plate, good thermal conductivity for thermal management, crack-free surface morphology, and high mechanical integrity to sustain erosion resistance from the gas forces [1, [3] [4] [5] . Up to now, GDL has been made of polymer based carbon fiber composites (carbon paper) [6] [7] [8] [9] [10] , carbon cloth [11, 12] , and metallic foams [13, 14] . The woven carbon or carbon cloth contains a higher structure strength and permeability, weaker bulk electrical conductivity and higher thickness in comparison to carbon paper. However, most popular types of GDLs are carbon paper containing polymer (such as phenolic resin) [15, 16] . the carbon papers have yet been provided are manufactured by three methods [15] :
Wet laid carbon-fiber paper
The steps of production are as follows: a) stabilization of PAN in 230°C in air atmosphere; b) carbonization step atmodulus and yields a fiber with >99% carbon content. Carbonization and graphitization are typically achieved by stacking many sheets in a horizontal or vertical batch furnace. All heat-treating is done in an inert gas environment. Therefore, the cost of this carbon paper would be high due to the high temperature vacuum equipment [15, [17] [18] [19] [20] [21] [22] .
Wet-laid filled papers
In this approach, a carbon or graphite powder is added to the wet-laid carbon paper and bound (e.g., with PTFE). One relies on the powder to provide conductivity rather than relying on a final carbonization or graphitization step to deliver the needed properties. Some companies currently produce GDL using this approach such as Lydall (US) and Technical Fibre Products (UK) in cooperation with Johnson Matthey (UK) [15, [23] [24] [25] .
Dry-laid materials
PAN fibers (usually in the pre-stabilized form) are dry laid into a thin fiber fleece mat through a carding-combing process. This fleece mat is then bound by hydro-entangling, a process in which a curtain of very fine 80-150 µm diameter water jets with spacing of 15-50 jets cm −1 is impinged onto the moving mat. This causes some fibers to orient in the through-plane direction and creates a mechanically bonded non-woven fabric. The PAN non-woven mat is then stabilized by carbonization to 1000-1500°C. In this method, the material can then be optionally filled with carbon or graphite powder and a resin binder followed by carbonization or graphitization to yield a gas-diffusion media product. In this research, the expanded graphite and resin have added to the composite. Some companies currently produce diffusion media based on the dry-laid up and hydro-entangled non-woven fabric mat such as SGL (Germany) and Freudenberg (Germany) have been developed [15, 26] .
As it was mentioned, the most important characteristics that must be present in GDL are high electrical conductivity, mechanical strength, and porosity percentage. It can be seen that all manufacturing methods of GDL, due to needing to the heat treatment process in high temperature vacuum or inert gas provide high costs. In addition, the heat treatment process in order to lose the polymer, leads to brittleness and decreasing mechanical strength.
The motivation and the objective for the present study are to develop GDLs with modifying the chemical composition, adding expanded graphite, and decreasing polymer value leads to eliminate the heat treatment process, thereby increasing mechanical strength and dramatically decreasing cost, with maintaining other properties such as electrical conductivity and porosity percentage.
Experimental method

Materials
Phenolic resin from Resitan Co., Ltd. in powder form with 60 μm size was used in this research that its electrical conductivity is ≈ 10-15 S/cm [27] . The CF (T300) and expandable graphite were purchased from Toray Co., Ltd, and Qingdao Yanxin Graphite respectively. The dimensions of CF is 15 µm in diameter. In order to prepare the expanded graphite from the expandable graphite, the graphite was placed in furnace at 1000°C for 2 min to expand up to 120 times. Toray carbon paper (Toray-TP1-060T) is purchased in order to comparing our manufactured sample with a common carbon paper.
Composite preparation
In this work, the carbon paper was manufactured in two methods as follows: the first method is named "Mixing method". Here the carbon fiber was cut in 15 cm length. Afterwards, the chopped carbon fibers was stirred by a special stirrer. The stirring was performed so that the fiber did not break, but also only disentangle the fibers. The stirring time was 20 s. After the disentangling of the fibers, the fibers were lay-up into the die, layer by layer. After inserting each layer, the polymer by a Saltshaker was poured on the layer in trace amounts. This trace polymer after curing will support the fibers and lead to increasing mechanical strength of paper. Besides, the weighted EG was also poured upon each layer by Saltshaker. The layers were lay-up until the last layer. Afterwards, the die was closed and composite was cured under the pressure. The detail information about the production process has been reported in other article [28] . The second method for manufacturing the carbon paper is named "fabric method". The method is described based on Figure   1 . The most important difference between this method with the previous method is that, in fabric method the long fibers is used and the fibers is separated from each other and each separated filament is placed on the die until to when the die surface is covered by the filaments. Then, the EG and polymer are added as the mixing method. This processes will continued for all layers. After the assembling the last layer, the die is closed and is heated. In both methods, the curing condition is at 200 C for 75 min in 200 bar. The pressure is preserved until cooling the die under 80 C (the glassing temperature of the polymer). 
Procedure
In this article, the carbon papers are provided with two methods; mixing method and fabric method. The specifications of the sample in mixing method have been shown in Table 1 . In the fabric samples, the variable parameters are the carbon-paper thickness and EG value. The specifications of samples have been presented in Table 1 . 
Production method
Analyses 2.4.1. Electrical resistance
Measuring the electrical resistance based on Wang method [29, 30] is the One of the most accurate methods for electrical resistance. As shown in Fig 2, carbon paper was sandwiched between two copper plates. The setup is pressed by specific loads from zero up 150 N/cm2, close to the clamping pressure of the PEM fuel Cell. In this method, electrical resistance is measured by a milliohmmeter. For this purpose, the millimeter meter of Lutron MO-2013 with the ability to measuring the resistance with four probe was used. 
Gas permeability and pore size diameter
Darcy equation is used to determining Gas permeability (K):
where UD is the volume velocity through porous media or average velocity in a specific ΔP, μ is viscosity, ΔP is the pressure drop across the sample, and t is the GDLs thickness. The curve of ∆P via UD was drawn and the slope of this curve is ( − μ k . ). The viscosity of air in ambient condition was considered 18.61×10-3 Centipoise. In order to calibrate the apparatus the below procedure was followed: The actual slope = (The actual slope with the sample) -(The actual slope without any sample) The viscosity of air in ambient condition was considered 18.61×10-3 Centipoise. In order to achieve accuracy in the data, the induced pressures were limited to the low pressures (between 0.35 psi and 0.51 psi). In this range of pressure, Reynolds' number will be small.
Wettability and porosity status
IFTS Tensiometer apparatus that determines surface tension and contact angle was used for determining wetting angles. In order to estimate the porosity configuration of the composites, the samples have been exposed to backlight (the light is located behind the sample) and front-light. Then, the pictures were taken with a high-resolution camera.
Flexibility
Since the samples were to thin, the flexibility of the samples were performed by a qualitative test. In this test, the sample was bent by pence and bending continue to breaking threshold. Figure 3 shows the microstructures of polymer based carbon composites. It can be seen that the carbon fibers has random distribution and polymer has high wettability with carbon fibers; however, the value of polymer has been optimized to make a high value of porosity. It can be observed that in SEM images, the sample has a different pore size with a random distribution. Also it is very important, uniformly adding the phenolic resin and expanded graphite between the laid-up layers, otherwise accumulation of the EG would close the porosities, thereby causing a weak permeability and performance. 
Results and discussion
SEM
Electrical resistivity
The results of electrical resistivity of carbon papers have been brought in Figure 4 . The figure shows that there is an essential difference between the ICR curve of s-1 and other curves. This is due to the nature of composites. In s-1, the short fibers have been oriented in a random style; either in-plane or through-plane. Under the clamping pressure, the fibers near together and decrease the interface distance, thereby decreasing electrical resistance. Therefore, it can be seen that, in high clamping pressure in comparison to other manufactured composites, s-1 contains the least resistance. However, in fabric samples, the long fibers have a planar distribution. Therefore, the clamping pressure cannot lead to so decreasing paper thickness and approaching the fibers together. In the fabric composites (s-2, s-3, s-4, and s-5), the increase of EG, considerably decreases the composite resistance. However, the paper thickness has an adverse effect on the resistance. It can be observed that the resistance of s-1 and s-4 is the lowest value and have been approached to that of Toray value with high clamping pressures.
Permeability and pore size
The result of permeability and pore size have been shown in Table 2 . In addition, the qualitative analysis of pore configuration have been presented in Figure 5 . It can be seen that the porosities in fabric samples and mixed sample are similar.
So that the distribution of porosities are heterogeneous. In addition, in fabric samples, it can be seen that increasing EG value leads to closure the porosities. While, the Toray paper contains a smaller and homogenously distributed porosities. It is anticipated that non-homogeneously distributed porosities can provide the separated paths for the produced water and reactant gases (H2 and O2) molecules that would need different porosity size to pass along the gas diffusion layer. Table 2 . The pore size and permeability specifications of the samples It can be observed that the permeability and pore size analyses have been repeated several times for each sample ( Table 2 ). The important thing that is notable in this Table is that in s-1 (mixing method) the pore size is higher than that of Toray sample, however the permeability value is relatively equal. This shows that either pore size and pore number are higher in s-1. However, in fabric method, the samples containing the high EG values (s-4 and s-5) the porosity sizes and permeability values are much less than the values of those of Toray paper. This is because of a fact that EG value leads to porosity closure.
Permeability
3 18 19 0.722 S4-1 4 27 28 0.508 S4-2 1 34 36 0.392 S4-3 3 21 21 0.655 S5-1 4 17 18 0.765 S5-2 1 17 18 0.779 S5-3 8 36 0.39 0.347 Tor ay 1 8 30 0.46 0.357 Tor ay 2 9 30 0.47 0.358 Tor ay 3
Contact angle
The high contact angle of water on carbon paper increases the hydrophobicity property in the paper, thereby inhibiting the flooding phenomenon in PEM fuel cell. The contact angle values of the samples have been compared in Figure 6 and Table 3 . It can be seen the angle differential (Δθ) in s-1 is the least. In addition, the contact angles in s-1 are near the Toray paper. Of course, the high contact angle on Toray sample is related to a thin layer of PTFE. Figure 7 shows the image of sample under the bending of the highest force before failure. It can be seen, except Toray carbon paper, all samples have a good flexibility and toughness. It is guested that the carbonization and graphitization steps in Toray paper, leads to decrease the flexibility. While the little polymer used in the carbon paper in the samples of fabric and mixing methods creates flexibility in the composites. Figure 8 shows the I-V curves of manufactured GDLs and compares them with GDL layer of Toray. It can be seen that s-1 has a near performance of the Toray paper. Between fabric samples, s-4 has the best performance. It can be seen by increasing EG value the performance curve improves, but from s-4 to s-5 that the thickness increases, the performance curve has been shifted to downwards. Another significant fact is that all curves of fabric samples have a nonlinear descending trend, while in s-1 and Toray papers a uniform and linear descending trend can be observed. This would relate to the planar nature of long fibers in fabric samples. This descending trend of the performance curve is due to ohmic polarization phenomenon occurred during the test [31] . The ohmic polarization can related to increasing ohmic resistance of different layers such as membrane, bipolar plate, and GDL, with regard to performance curve is the most important test among others, it can be concluded that the s-1 that is manufactured by mixing method has the better properties in comparison to fabric method samples. Some of the factors mentioned in Table 4 are related to commercialization of PEMFCs. For example, the factor of cost is important for commercialization object. Anyway, s-1 has a performance near the Toray paper and the other properties either is better than Toray paper (mechanical properties, mean pore size, and cost) or is near the Toray paper (permeability, performance and resistance). The advantage of s-4 to Toray paper is the lower cost and more flexibility. 
Test station
Conclusions
In this research the carbon paper is manufactured by two methods; fabrication of long fibers and mixing the short fibers. The results are as follows:
1-In comparison to Toray paper, the sample with mixing method results in the better electrical conductivity, larger pore size, more permeable than the samples of fabric method.
2-The performance curve of mixing samples is similar to the Toray paper and containing a uniform and linear descending trend. While in fabric samples, the performance is dependent to EG and thickness values.
The performance is better in higher EG and lower thickness values. In addition, the ohmic polarization is a nonlinear descending trend that is resulted from the planar nature of long fibers in the composite.
3-The remarkable advantage of the carbon papers of fabric and mixing methods in comparison to Toray paper is the lower cost and higher flexibility.
